Abnormalities in monoamine oxidase (MAO) levels have been implicated in a wide range of psychiatric disorders. We have examined a VNTR polymorphism at the X-linked MAOA gene to test two hypotheses: (1) Do variants of the MAOA gene play a role in any of the behavioral disorders associated with Tourette syndrome or drug abuse? (2) If so, is there any correlation between the length of the alleles and the phenotypic effect? We examined two independent groups: 375 TS patients, relatives and controls, and 280 substance abusers and controls. The alleles were divided into four groups of increasing size. There was a significant association between the MAOA gene and behavioral phenotypes in both groups, and in both the longest alleles were associated with the greatest phenotypic effect. The strongest effect was for the diagnosis of drug dependence (P = 0.00003). The VNTR allele groups were in significant linkage disequilibrium with the Fnu4H1 polymorphism previously shown to be associated with MAO-A activity. While these results are consistent with the possibility that different-sized alleles of the short-repeat polymorphisms themselves may play a role in gene regulation, further studies directly linking these alleles with enzyme levels need to be done.
Introduction
MAO levels and alcoholism; [6] [7] [8] [9] schizophrenia; 10 depression; 11, 12 manic depressive disorder; 13 suiMonoamine oxidase is one of the major enzymes cide; 7, 11, [14] [15] [16] attention deficit hyperactivity disorder responsible for the degradation of neurotransmitters in (ADHD); 17 and risk-taking, sensation seeking or exterthe synapses of the brain. Significant improvement in nalizing personality traits. 9, 14, [18] [19] [20] Other studies have mood and other behaviors can occur by the adminisfailed to find associations with one or more of these tration of medications that inhibit MAO activity. The traits. [21] [22] [23] MAOA and MAOB genes are X-linked at Xp11.4-11.3 [1] [2] [3] Because of the potential effect of age, 8 alcohol, antiand produce two different forms of the enzyme, both depressants, drugs, gender, laboratory technique, diet, under strong genetic control. Both genes contain 15 and other variables, on platelet enzyme levels, 24 the exons, span at least 60 kb, and exhibit identical exonuse of genetic polymorphisms at the MAO genes may intron organization. 4 MAO A has a higher affinity for give more reproducible results than enzyme levels. The endogenous neurotransmitters, is present in catcloning and sequencing of the MAOA and -B genes and echolaminergic neurons and is irreversibly inactivated identification of associated polymorphisms now allow by clorgyline. MAO B has a higher affinity for dietary such genetic studies. Hotamisligil and Breakefield 25 amines, is present in astrocytes and serotonergic neuexamined the Fnu4H1 polymorphism, associated with rons, and is irreversibly inhibited by pargyline and a T→C variant at position 1460, and the EcoRV polydeprenyl. associated with the higher activity group. Lin et al 26 ent size are present. To test the hypothesis that repeat length might be related to phenotypic effect we divided reported a significant increase in the more common MAOA Fnu4HI T or 1 allele, 26 associated with lower the VNTR alleles into four groups of increasing length. This allowed us to determine if the shorter or longer MAO levels 25 in manic depression, while Craddock et al 27 and Nö then et al, 28 were unable to confirm this. alleles were preferentially associated with a greater phenotypic effect. Brunner et al 29, 30 reported a Dutch family where many males had problems with impulsive, aggressive and hypersexual behaviors due to a hemizygous chain termination mutation in the MAOA gene. This was Methods consistent with the numerous other studies suggesting Group I: the TS group a correlation between low MAO levels and impulsive,
The subjects included 57 controls, 229 TS probands risk-taking, externalizing behaviors. Because of these most of whom were severely affected with multiple prior findings with the MAOA gene we have focused associated behavioral disorders, 52 and 90 affected and on this gene in the present studies.
unaffected relatives of TS probands. All subjects were Vanyukov et al 31 examined the MAOA gene in 23 non-Hispanic Caucasians and over 90% were of Westmale and 34 female alcoholics compared to 31 male ern European origin. The controls for the TS group conand 78 female controls, using a CA repeat polymorsisted of adopting and step parents of TS probands, phism. 32 There was a trend in males (P = 0.17) but not subjects with non-psychiatric disorders from other in females (P = 0.8) for an association between higher clinics at the City of Hope, and professional and nonmolecular weight alleles (Ͼ115 bp) in young substance professional hospital staff from the City of Hope Mediabusers, and a marginal association of the Ͼ115 bp cal Center. Both the TS subjects and the controls have alleles with age of onset (P = 0.03).
been described in detail elsewhere. 37, 40, 53 Tourette syndrome (TS) and ADHD are related, hereditary impulse disorders that are also associated with a wide range of externalizing, risk-taking, aggressive 33 Behavioral scores Each TS control and TS proband or relative was required to fill out a questionnaire based and hypersexual behaviors, 34 substance abuse, 35, 36 and other behaviors. 37, 38 To determine if genetic variants at on the Diagnostic Interview Schedule  54 or DSM-III-R   55 criteria. This provided a structured review of a wide the MAOA gene were associated with TS or ADHD, we have examined the MAOA VNTR polymorphism 39 in a range of psychiatric symptoms. These symptoms were grouped into 27 different behaviors including ADHD, series of controls, TS probands and their relatives, using the techniques reported previously for our studsubstance abuse, mood, anxiety, school performance, stuttering, tics and others. The questions used for these ies of the DRD2, D␤H and DAT1 genes in TS. 40 Since a simple comparison of the frequency of the different behavioral scores have been described in detail elsewhere. [33] [34] [35] 37, 40, 54, 56 Two behavioral scores were used alleles in controls vs TS probands might miss the possibility that the MAO genes were only associated with a to assess ADHD. The first, called ADHD, was based on the presence of at least half of a series of 22 ADHD few specific behaviors not present in all cases, we tested for the possible role of these genes in 27 different variables from DSM-III and DSM-III-R criteria. The second, ADHD-R was based on the DSM-III-R diagnosbehavioral variables.
Based on our prior published [41] [42] [43] and unpubtic criteria. Three QTVs not used previously were inattention, impulsivity and hyperactivity. These were the lished [44] [45] [46] studies using short repeat polymorphisms, we have become interested in the hypothesis that the three subscores that cumulatively produced the ADHD score. QTV abbreviations include CD for conduct dislength of the alleles per se might be related to phenotypic effect. The rationale for this, reviewed in the order, ODD for oppositional defiant disorder, 33 and MDE for major depressive episode 56 symptoms. companion manuscript, 47 is that the sequence of most simple repeats result in the formation of Z-DNA with
The rationale for examining comorbid behaviors is the prior observation that certain genes may be more the amount being dependent upon the length of the repeat. 48 The Z-DNA conformation opens the DNA strongly associated with specific comorbid behaviors present in TS than with the diagnosis per se. 40 This helix and exposes the individual bases, making it uniquely capable of interacting with nuclear proteins. 49 questionnaire is not meant to provide DSM-III-R or DSM-IV diagnoses but rather to provide a highly strucFor these and other reasons Z-DNA has been implicated in gene regulation. 50, 51 We anticipated that if the tured method of producing QTVs for different areas of behavior. The advantage of continuous traits is that mini-and microsatellite polymorphisms do play a role in the variations in gene function involved in polythey provide a greater range of severity than dichotomous diagnoses. The accuracy, utility and sensitivity genic inheritance, their effect must be subtle, since if the effects were major, they would result in single gene of a questionnaire-based approach to symptom evaluation has been demonstrated by others 57, 58 by comparrather than polygenic disorders.
X-linked genes form a unique vehicle to examine this ing the use of such an instrument to an interviewer administration of the same structured instrument. Our hypothesis and search for subtle effects since, at least in males, each allele is hemizygously present thus elireview of the questionnaires with many hundreds of subjects has indicated that they accurately reflect the minating the confounding factor of heterozygosity, which can be extensive when multiple alleles of differinformation obtained by personal interview. 59 a 24-item selfnificant problems with substance abuse were excluded on the basis of the MAST-R test. The second set conadministered questionnaire revised to include drug abuse (MAST-R), the clinician-administered Diagnostic sisted of the male parents of twins from the Minnesota Twin Family study. Since these are ascertained from Interview Schedule (DSM-III-R version), 54 to diagnose the presence of substance dependence disorders, and the entire state simply on the basis of having had twins 11 or 17 years of age, they represent a more random the clinician-administered Addiction Severity Index Fifth Edition (ASI), 60 to evaluate a range of alcohol and set of all socioeconomic and educational groups than the college students. Although all the controls were drug use variables.
scored as negative on the substance abuse variables, since the results of substance abuse assessments were ASI We utilised the Drug/Alcohol use and the legal status sections of the ASI. The areas covered were not yet available on the twin controls, some may have been positive. However, since this is a random crossthe following:
section of a predominately rural state we assume the number of false negatives in this group is small. a) Specific substances used. To assess the use of specific substances, questions were asked about the lifetime use (in years) of alcohol use to intoxiPolymorphisms cation, heroin, other opiates/analgesics, barbiturates, other sedatives/hypnotics/tranquillizers,
The MAOA VNTR polymorphism The rationale for choosing the VNTR polymorphism at the MAOA gene cocaine, amphetamines, cannabis, hallucinogens, and inhalants.
is as follows. A short tandem repeat polymorphism was chosen to specifically examine the hypothesis that the b) Route of administration. For each of the above, where relevant, the subjects were asked about the length of the repeat might be associated with a phenotypic effect. An X-linked gene was chosen since, at route of administration. The options were oral, nasal, smoking, and IV injection. The continuous least when males are studied, the complication of how to interpret heterozygotes is avoided. An MAO gene variable #IV drugs used was calculated by adding up the total number of different drugs injected IV.
was chosen because it is X-linked. The MAOA gene was chosen because two different repeat polymorThe variable IV drug use was a dichotomous variable of 0 for no IV drug use and Յ1 for use of one phisms have been reported to be associated with it. We chose the VNTR polymorphism 39 because it gave a or more drugs IV. c) Problems. 'How many times have you had alcohol wider spread in allele size (40+ bp) than the (CA)n repeat (16 bp repeats. The VNTR polymorphism was present in a 2.9-kb SalI-EcoRI fragment from phage 6.12 which cone) Severity. An interviewer-based severity assessment for the need for treatment ranged from 0 (no tained the first exon of the MAOA gene. 39 DNA was extracted from whole blood by standard procedures. treatment necessary) to 9 (treatment needed to intervene in a life-threatening situation). Alcohol Target DNA was amplified by PCR. 61 To label the PCR products, 0.1 M of each primer labeled with fluorabuse? Drug abuse? f)
Legal status. Questions were also asked about escent HEX or FAM Amidite (Applied Biosystems, Foster City, CA, USA) primers were used in the reactions various legal aspects of drug and alcohol abuse. 'How many times in your lifetime were you (Table 1) . Two microliters of the 10-fold diluted PCR product were added to 2.5 l deionized formamide and charged with driving while intoxicated?' 'How many times in your lifetime were you arrested and 0.5 l of ROX 500 standard (Applied Biosystems) and denatured for 2 min at 92°C and loaded on 6% polycharged with drug charges? How many of these charges resulted in convictions? ' acrylamide gel in an Applied Biosystems 373 DNA sequencer. The gel was electrophoresed for 5 h at g) Summary scores. When the responses could range from 0 to any number, they were scored as a '0' 1100 V and constant 30 W. The gel was laser scanned and analyzed using the internal ROX 500 standards. ranged in size from 299 to 314 bp in length. The larger peak contained 68% of the alleles ranging in size from The peaks were recognized by Genotyper (version 1.1) (Applied Biosystems) based on the color fragments 323 to 338 bp in length. Since the majority of the alleles were in this peak we divided it as if there was sized by base pair length. Complete information for each sample was printed from every gel file and the a single peak (ie shorter, middle, and longer group of alleles). The center of this peak contained a single 334-compiled data were submitted for analysis.
bp group consisting of 31% of the alleles that could not be subdivided. The application of these rules Allele groups To examine the hypothesis that the length of the MAOA alleles might correlate with a resulted in four bins Ͻ320 bp, 320-333 bp, 334 bp and Ն335 bp consisting of 32, 23, 31 and 14% of the alleles. phenotypic effect, the alleles were divided into four groups (see Results). These were labeled 1 to 4, shortest It was not possible to use the binning described by Hinds et al 39 because three of their five groups had a to longest to form the MAOA genotype variable. Females were utilized only in the TS group. Only those very low allele frequency. In fact, we had no subjects in any of these three minor groups. that were homozygous for a given allele group were included in the analysis.
We used two rules for bining: a) there must be Fnu4H1 polymorphism The test for this polymorphism was based on the procedure of Hotamisligil and enough groups to examine a range of lengths; and b) to maximize statistical power the number of subjects Breakefield. 25 We have termed their '-' as our 1' allele and their '+' as our '2' allele. In their study the + allele should be similar in each group. Thus, if there was a single peak of allele frequencies the division would had the higher MAOA activity. have been into the shortest 1/3, the middle 1/3 and the longest 1/3. However, the distribution of allele sizes for Statistical analyses For the Tourette syndrome group, ANOVA was used to examine the relative magthe MAOA VNTR was into two peaks. For males only, the smaller peak contained 32% of the alleles and nitude of each QTV for the four different allele groups.
Linear ANOVA was used to test for a significant proexactly as they were generated by the Genotyper program. There were no alleles between 316 bp and gressive increase in means across the four allele groups. The SPSS (SPSS, Inc, Chicago, IL, USA) stat-323 bp, thus producing two clear major groups of Ͻ320 and Ͼ320 bp. However, to allow an examination of the istical package was used. For linear ANOVA the subcommand polynomial was set to 1. MANOVA was used hypothesis that phenotypic effects might be related to size, the alleles of the larger 323-339 bp group were to determine if any of the QTVs were significant when all the variables were examined simultaneously. Multidivided into three sub-groups consisting of alleles shorter than the main peak 320-333 bp, the main peak variate linear regression analysis was used as a second approach to determine if any of the QTVs was signifiof 334 bp, and alleles longer than the main peak of Ն335 bp. There were 219 males and 156 females for a cant when all the variables were examined simultaneously. The MAOA genotype was set as the depentotal of 375 subjects in the TS group. Of the females, 88 were heterozygotes. When these were removed it dent variable and the 27 QTVs were entered stepwise as the independent variables. left 287 subjects in the study of whom 36 were controls. In this final group, there were no significant differences in the frequency distribution of the four allele Chi square The above studies indicated that the group with the longest alleles had the highest means groups in males vs females. for the majority of the QTVs. The potential progressive decrease in frequency of the Ն335 bp allele group was
The TS group The ANOVA results for each of the QTVs vs the four compared across four groups with progressively fewer TS symptoms: TS probands with ADHD, TS probands allele groups are shown in Table 1 . The results for regular ANOVA are shown under F-ratio and P value. The without ADHD, relatives with TS and relatives without TS.
F-ratio for linear ANOVA is shown under the F 2 column, with a superscript of a for those that were signifiFor the Substance Abuse Group, MANOVA was used to determine if there was a significant association cant at Ͻ0.05. The QTVs are ordered by the decreasing magnitude of the F-ratio in the F 2 column. Those allele between the four MAOA allele groups and the two summary variables, the alcohol and the drug score.
groups where the means were significantly less than for the Ն335 bp group, as determined by the Tukey test ANOVA was used to examine the means of the alcohol and drug scores for the four allele groups.
with ␣ set at Յ0.05, are shown by an asterisk. With the exception of stuttering, shopping and panic (which Linear chi square was used to examine the potential progressive increase in the frequency of the Ն335 bp gave the lowest F-ratio), for the remaining 24 QTVs the means were highest for those subjects carrying the group across three groups: controls, the substance abusers without the behavior (ATU without), and the Ն335 alleles. This is diagramatically illustrated for the three ADHD subgroups of inattention, impulsivity and substance abusers with the behavior (ATU with). The ATU without group was included to rule out the possihyperactivity and 13 other QTVs with the highest Fratios, in Figure 2 . bility that this allele group might be increased in frequency in the substance abusers because of comorbidity for a different behavior. To help exclude this, the MANOVA The results of MANOVA for all 27 QTVs were significant for sexual (P = 0.012), learning probfrequency of the allele group had to be at least 20% higher in the substance abusers with the behavior than lems (P = 0.023), gambling (P = 0.025), and mania (P = 0.025). without the behavior. Since the hypothesis was that the frequency of these alleles would progressively increase across these three groups, the linear chi square
Multivariate regression analysis When all 27 QTVs were examined simultaneously in a stepwise multistatistic was used.
variate regression analysis, the variable grade school problems (P = 0.012) and gambling (P = 0.038) were Regression analysis To determine the maximum percent of the variance of drug-related variables accounted significant. Based on the r 2 values, the MAOA gene accounted for only 3.9% of the variance of these QTVs. for by the MAOA gene, regression analysis was performed in which subjects carrying the Ͻ335 bp alleles were scored as 1, and those carrying the Ն335 alleles Chi square analysis There was a significant progressive decrease in the percent of subjects that carried the scored as 2. This was performed for the drug dependence variable (controls = 1, ATU without scored 2, and Ն335 alleles, progressing from TS probands with ADHD (24%, n = 129), to TS probands without ADHD ATU with scored 3) since this was the chi square variable most highly associated with the MAOA gene.
(20.0%, n = 50), to relatives with TS (12.5%, n = 16) to non-TS relatives (5.6%, n = 56) (P = 0.003).
Results

Substance abuse group
Controls vs ATU subjects. For the 160 combined con-VNTR allele groups The distribution for the alleles for both groups is trols, the distribution of the four allele groups was as follows: Ͻ320 34.4%, 320-333 38.1%, 334-335 21.3%, shown in Figure 1 . Since this was a complex VNTR the alleles did not fall into a clear-cut pattern of even or Ն335 6.3%. For the 120 ATU subjects, the frequencies were as follows: Ͻ320 39.2%, 320-333 18.3%, 334 odd numbers of base pairs. The results are shown 20.8%, Ն335 21.7%. These were significantly different, with the behavior (ATU with), is shown in Table 4 . Since 14 types of substance use variables were exam-2 = 22.17, P = 0.00006. The frequency of the Ն235 bp group was comparable in the two control groups, 8.9% ined only those with a P of less than 0.0036 (0.05/14) are considered significant with a Bonferroni correction. for the San Bernardino group and 5.2% for the parents of the twins ( 2 = 0.744, P = 0.38).
Only those with a P of Ͻ0.01 are shown. The exception is alcohol dependence only. This is shown to illustrate MANOVA for the alcohol and drug score indicated that while both showed a significant association with the fact that there was little increase in frequency of the Ն335 bp alleles in subjects with alcohol depenthe MAOA gene VNTR alleles, this was more significant for the drug score (P = 0.001) than for the alcohol dence only compared to those with drug dependence, or drug and alcohol dependence. By contrast, the drug score (P = 0.012) ( Table 2 ). The result for the combined MANOVA was also significant (P = 0.007). The n of dependence only variable gave the highest value ( 2 = 17.4, P = 0.00003). 257 is smaller than the total of 160 controls + 120 ATU or 280, because only 97 ATU subjects had completed the ASI. By contrast, all 120 completed the DIS for veriRegression analysis The results of regression analysis fication of the DSM diagnosis of alcohol and/or drug of the allele group (Ͻ335 vs Ն335) vs the diagnosis of dependence.
drug dependence gave the following results: r = 0.25, ANOVA for the two scores showing the means for r 2 = 0.0625, T = 4.305, and P = 0.0001. each allele group, are shown in Table 3 , and illustrated in Figure 3 . As for the TS group, the highest means were present in the Ն335 bp allele group. For the drug Fnu4H1 polymorphism To examine the potential linkage disequilibrium between the VNTR and Fnu4H1 score, the three other allele groups were significantly lower than for the Ն335 bp group by the Tukey test.
alleles, we genotyped 273 males that were also genotyped at the VNTR polymorphism. We restricted our analysis to males since the results were clearer than Chi square To determine if the MAO gene was preferentially associated with certain types of substance in females. There was a highly significant non-random association of the alleles at the two polymorphisms ( 2 abuse, 14 of the variables relevant to the type of substance used were examined. The frequency of the = 132.91, P Ͻ0.000001). The results are shown in Figure 4 . The Ͻ320 VNTR allele group was associated Ն335 bp allele group in the controls vs ATU subjects without the behavior (ATU without) vs ATU subjects with the less common Fnu4H1 2 allele, while the remaining three VNTR groups were associated with the Fnu4H1 1 allele. Based on the comparison of Figures 2 and 4 it would be anticipated that if the VNTR alleles were divided into Ͻ320 bp and Ͼ320 bp it should give results similar to the Fnu4H1 polymorphism with the Fnu4H1 2 Ϸ Ͻ320 and Fnu4H1 1 allele Ϸ Ͼ320. For the TS group there were 71 subjects genotyped at both polymorphisms. Since mania gave the most significant results (Table 1) 25 showed the Fnu4H1 allele (our 1 allele) was associated with lower MAOA activity, we assume the Ն335 VNTR allele group was associated with the lowest MAOA activity.
Discussion
There has been a great deal of interest in the possible ination of platelet enzyme levels. The cloning and sequencing of the MAO A and B genes, and the identification of marker polymorphisms have made it pos-with a wide range of impulsive, aggressive, affective, hypersexual and other behaviors. In a previous study 40 we found that identifying a role of three dopaminergic genes (DRD2, D␤H and DAT1) was best determined by an examination of a relatively large number of TS subjects, their relatives and controls. We have suggested that TS and related disorders are polygenically inherited and that each gene contributes only a small percent of the variance of any behavior score. 40, 51, 62, 63 The present results suggest that the MAOA gene is one of the genes playing a modest role in the etiology of a number of the associated behaviors in TS.
Substance abuse
Prior studies using both enzyme levels [6] [7] [8] [9] and genetic variants 31 have suggested a role of the MAOA gene in substance abuse. The present results are consistent with those conclusions, especially for drug dependence. While MANOVA showed a significant association between the MAOA alleles and both the alcohol and drug scores, there is a great deal of comorbidity of these two forms of substance abuse. As shown in Table  4 , when drug dependence and alcohol dependence were examined separately the association was much greater with drug than with alcohol dependence.
Male predominance ADHD, Tourette syndrome, conduct disorder, ODD, dyslexia, learning disorders, stuttering, drug dependence and alcoholism all show a male predominance. The molecular genetic studies of the DRD2, D␤H, DAT, 40 and clinical genetic studies, [35] [36] [37] [38] 64 suggest these are etiologically related spectrum disorders. While the predominance in males is probably due in part to hormonal and environmental factors, X-linked genes could also be a factor. For the TS group, determination of r 2 using a regression coefficient, indicated that for the different QTVs the MAOA gene accounted for at most 2.5% or less of the variance of any QTV suggesting that the X-linked MAOA gene does not account for the male predominance of TS, ADHD or related disorders. By contrast, the r 2 for the absence or presence of the Ն335 bp alleles vs the diagnosis of drug dependence, suggested that up to 6.2% of the variance could be due to the MAOA gene. This could play a modest role in the male predominance of drug dependence.
Microsatellites and the regulation of MAO genes
Tivol et al 65 have recently sequenced the exons of 40 control males who showed a Ͼ100-fold variation in MAO A enzyme activity. There was remarkable conservation of the coding sequence. Only five polymorphisms were found. Of these, four involved the third sequence. The other was a neutral lys → arg substitution.
For the reasons given in the introduction, we have begun to suspect that the different length alleles of sible to examine these associations using molecular genetic techniques. micro-and minisatellite polymorphisms might play a role in the regulation of the genes with which they are Tourette syndrome is uniquely suited for such studies because it is highly heritable and is often associated associated. 47 While the association of the longer mini- satellite alleles with specific QTVs in the Tourette syndifferences in MAO-A activity is that the 1 allele is in linkage disequilibrium with the Ն335 VNTR allele, and drome group was modest, as shown in Table 2 and Figure 2 , there was a remarkable degree of uniformity in the large difference in number of repeats between the Ͻ320 alleles (associated with high MAO-A activity) vs the trends across all the QTVs. Since this could have been a chance, random association, we sought to deterthe Ն335 bp alleles (presumably associated with lowest MAO-A activity) plays a role in the regulation of mine if we could replicate these results in a totally separate group of subjects and controls. This group (the the MAO-A gene. This correlation with the size of the repeat alleles is substance abuse group) showed an even stronger association between the longer alleles of the MAOA consistent with the possibility that the minisatellites themselves might play a role in the regulation of the VNTR, especially the Ն335 bp alleles, than was observed in the TS group. As shown in Figure 3 , the MAO genes, as reviewed in more detail elsewhere. 47 However, it is clear that this does not prove the hypothpattern for the two groups is remarkably similar, with the highest scores for Ն335 bp alleles, modestly higher esis since linkage disequilibrium with another as yet unidentified site could still be occurring. Studies with scores for the lowest size alleles (Ͻ320), and intermediate scores for the 334-335 bp alleles. expression vectors, and the possible interaction of the longer alleles with transcription factors, is needed to To gain some insight into whether the Ն335 bp alleles might be associated with a higher or lower prove the case for the MAOA gene. As reviewed in the companion manuscript, 47 a number of these studies MAO-A activity we also genotyped 273 of our males for the Fnu4H1 polymorphism. The linkage disequilibhave been completed with micro-and minisatellites associated with other genes. rium with the VNTR allele groups was highly significant (P Ͻ0.000001). As shown in Figure 4 , the less common Fnu4H1 2 allele was associated with the Ͻ320 Polygenic inheritance and small effects It is easy to dismiss the results for the TS group on the VNTR group while the more common 1 allele was associated with the 320-333, 334 and Ͼ335 VNTR groups.
basis of the relatively low magnitude of the effect of the MAOA gene on a range of behaviors. Although four Since others (see Introduction) have shown that a range of behavioral disorders are associated with low MAOvariables were significant by MANOVA, two were significant by multivariate regression analysis, and 12 of A activity, and since we observed that the greatest phenotypic effect of the VNTR polymorphism was the 27 were significant by linear ANOVA, one could object that when a complete Bonferroni correction is associated with the Ն335 bp group, this suggests that this group is also associated with the lowest MAO-A applied to the ANOVA results none are significant at 0.05/27 or 0.0018. However, this is exactly the point, activity. These results indicate that when the subjects carrying the Fnu4H1 1 allele are placed into subgroups ie that despite the large literature implicating MAO in different behaviors, when examined at the level of a on the basis of the VNTR polymorphism, it is the subjects carrying the Ն335 bp alleles that are driving the specific gene polymorphism, the MAOA gene appears to make only a modest contribution to a wide range of Fnu4H1 results. While the ultimate proof of these suggestions will require studies of the VNTR allele in behavioral variables. While the effect was much stronger in drug abuse, even here the percent of the subjects tested for serum or fibroblast MAO-A activity, the findings are consistent with the possibility that the variance accounted for by the MAOA alleles was still modest. Replication is an important aspect of associreason the Fnu4H1 polymorphism is associated with
